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Results from a study of turbulent lifted jet flame with conditional moment closure
turbulent combustion model are reported. First, a qualitative description of the
simulation results is given, by examining the instantaneous resolved species mass
fraction fields. The structure of the lifted flame is also assessed by comparing the
measured temperature and species mass fraction profiles and the simulation re-
sults. The model is able to capture the axial and radial profiles of mixture fraction,
temperature and major species. The sensitivity of prediction to boundary condi-
tions is also explored and the lift-off height is found to be very sensitive to the
co-flow temperature. Finally, the stabilisation mechanisms, auto-ignition or pre-
mixed flame propagation, are addressed. No evidence of premixed flame propaga-
tionisfound:thediffusioninphysicalspaceisnegligibleforallstudiedconditions.
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Introduction
Theflameunderstudyisaturbulentliftedjetflameofhydrogen,dilutedwithnitrogen,
issuing into a wide co-flow of vitiated air [1, 2]. Lifted flames are a challenging problem since
the flameat its base isunstable and involves asignificant degree ofinteractions between chemi-
cal and flow time-scales and can be found in number of industrial applications (burners and gas
turbines).Theinteractions betweenchemicalandflowtime-scalesinfluence stabilization mech-
anism of these flames which may stabilize at the certain distance from the nozzle or may propa-
gate and stabilize at the nozzle. The simpleburner geometrydeveloped by Cabra and Dibble [1]
and Cabra et al. [2] at Berkeley University, provides a good base for studying these complex
lifted flames and turbulence-chemistry interactions. The conditions that are encountered in fur-
naces or gas turbine combustion chambers, where there is a re-circulation of hot combustion
products which contributes to flame stabilization downstream of the injection, are simulated by
this burner. Therefore, the burner configuration allows investigation of stabilization mecha-
nismsforliftedflamesenvironmentsthatarerelevant topractical combustionapplications. Two
stabilization mechanisms can be suggested: auto-ignition and premixed flame propagation. In
the experiments, the lift-off distance was very sensitive to small changes in the vitiated co-flow
temperature. This sensitivity is a challenging modelling problem for numerical calculations.
Earlier calculations of this flame, have been done within the RANS framework using
PDFtechniques [2-6], using the eddydissipation concept [2, 7]and conditional momentclosure
(CMC) [8]. Large eddy simulation (LES) of this flame has been also performed [9-11]. Good
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* Corresponding author; e-mail Ivana.Stankovic@UGent.beagreement between experimental and computational results has been achieved in several stud-
ies.However,currentviewsonthestabilization mechanismofthisflameappeartobedivergent.
In this paper, the LES-CMC methodology is applied using a detailed reaction mecha-
nism [12]. The aim is to validate the approach for a lifted flame where turbulence-chemistry in-
teractions are of great importance and to discuss flame stabilization.
LES-CMC formulation
The governing equations for the LES are obtained by applying the filtering operation
to the instantaneous balance equations. The filtered equations for mass, momentum and a con-
served scalar, mixture fraction (x) are solved. Details of the LES as applied, are found in [13].
The sub-grid scale stress tensor is modelled by constant Smagorinsky model with the model
constant CS = 0.1 and a turbulent Schmidt number Sct = 0.7 is used. The mixture fraction vari-
ance (  x 2 ~ ) is obtained from a gradient type model [14].
CMC is an advance turbulent reacting flow method that attempts to close problem of
the turbulence-chemistry interactions. The CMC originates in the hypothesis that most of the
fluctuationsinthescalarquantitiesofinterestcanoftenbeassociatedwiththefluctuationsofthe
only one quantity, mixture fraction. This means that the transport equations are solved for the
conditionally filtered reactive scalars, the conditioning being on the mixturefraction. The CMC
equations for the conditionally filtered reactive scalars in LES context read [13, 15]:
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where Qa =Ya h | ~ represents the conditionally filtered reactive scalar, ~ | ui h– the conditionally
filteredvelocity,andN| ~ h–theconditionally filteredscalardissipation rate.Thevariablehisthe
sample space variable for mixture fraction, x, and the operator |h denotes fulfilment of the con-
dition on the right hand side of the vertical bar. Dt is the sub-grid scale turbulent diffusivity.
The first termon the left-hand side of eqs. (1) and (2) is the unsteady term.The second
term represents the transport by convection (T1). The last term on the left-hand (T2) side repre-
sents diffusion in mixture fraction space, also known as the conditional scalar dissipation rate
term. The first term on the right-hand side (T3) is the conditional chemical source term, deter-
mined using first order closure. The last term on the right-hand side, i. e. the sub-grid scale con-
ditionalflux(termT4),accountsfortheconditional transportinphysicalspaceanditismodelled
using the gradient approach. Note that radiation is not accounted for in eq. (2), since radiation is
not essential for the study at hand, focusing on the flame base and flame lift-off height, where
temperatures are low.
The conditionally filtered velocity is modelled using the assumption that the condi-
tionalvelocityisequaltounconditional velocityforentiremixturefractionrange.Forthecondi-
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used. This model requires an unconditional filtered scalar dissipation rate, modelled as:
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The diffusivityare D=n/Sc and Dt=v/Sct, where a constant Schmidt numberSc = Sct=
= 0.7 is used. The unconditional and conditional filtered values are related by:
~
|
~
() ~ YY P aa hh h   d
0
1
(4)
The density-weighted filtered (FDF)
~
() P h , is assumed to have a b-shape and is calcu-
lated from the resolved mixture fraction and its variance.
In LES-CMC methodology it is common practice to solve the CMC equations on a
coarser mesh [13, 15, 17]. As the CMC equations require flow-field information obtained from
the LES(mixturefraction, velocity, scalar dissipation rate, and diffusivity),an averaging proce-
durehastobeused.Theinformationtransferisdone intwosteps.First,theaveraging procedure
must be set for transferring the necessary information from the fine LES mesh to the coarser
CMC mesh. Since the LES solver provides unconditional quantities, the model is applied to
transform unconditional quantities to conditional ones. Volume averaging is used to calculate
unconditional scalars in the CMC resolution as:
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Dt are calculated in LES. The AMC model is applied at the CMC resolution.
Experimental configuration
The Berkeley burner consists of a fuel jet nozzle and a surrounding perforated disk.
The outer disk has a diameter of 210 mmwith an 87% blockage and consists of 2200 holes with
a diameter of 1.58 mm.An exit collar is surrounding the perforated disk to prevent entrainment
of ambient air into the co-flow. The central jet extends 70 mm above the surface of the perfo-
rated disk. At this downstream location the co-flow properties are uniform. The stoichiometric
mixture fraction (hst) is 0.474. Table 1 summarizes the boundary conditions, where X denotes
species mole fraction.
Theflamespontaneously ignited inthelaboratorystartingatthedownstreamlocations
when the co-flow is operating and the jet flow is turned on. For these conditions, the observed
lift-off height was about ten nozzle diameters [2]. There were no visually obvious auto-ignition
events well below the lift-off height. Scatter data of temperature versus mixture fraction [2]
show large scatter, with a gradual transition from the inert mixing line to the vigorous flame
burningcondition.Aquantification ofamostreactivemixturefraction(hmr)wasnotattempted.
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Table 1. Boundary conditions [1-3]
Item Diameter, [mm] Velocity, [ms–1] Temperature, [K] XH2[–] XO2[–] XN2[–] XHO 2 [–]
Co-flow 210 3.5 1045 0.0005 0.1474 0.7534 0.0989
Fuel jet 4.57 107 305 0.2537 0.0021 0.7427 0.0015Numerical methods and model options
The LES and CMC solvers are coupled and the information from CMC (density) is
transferred at every time-step of the simulation to the LES in order to update the flow field.
In LES, the convective fluxes of the momentum equation are discretised in a central
manner (second order spatial accuracy). In the transport equation for mixture fraction, the con-
vective terms are discretised with a second order accurate total variation diminishing (TVD)
scheme.The CMC code is a finite-difference code. Convective transport, termT1 in eqs. (1)and
(2), is discretised with a second-order TVD scheme. The diffusion terms, both in mixture frac-
tion and physical space (T2 and T4), are discretised using a second-order accurate central differ-
ence scheme. Time step used in simulations is 2.5·10–7.
The boundary conditions for the simulations are given in tab. 1. The detailed chemical
mechanism of Li et al. [12] is used. The mechanism features 9 species and 19 reversible reac-
tions.
Auto-ignition will not happen for all mixture fractions simultaneously, it will occur at
thesocalled mostreactive mixturefraction (hmr).Itisdefined asamixturefraction withoptimal
composition, likely to ignite first. Here, the most reactive mixture fraction is determined with a
stand-alone 0D-CMC where the micro-mixing is switched off by using a scalar dissipation rate
of 10–20 s–1, giving thus a parallel solution to a series of homogeneous reactors of variable mix-
ture fraction. The most reactive mixture fraction as a function of the co-flow temperature is
given in tab. 2. It is apparent that the mostreactive mixture fraction movesto the rich side as the
co-flow temperature is reduced.
The computational domain extends axially 30d downstream from the jet inlet
(roughly137mm,d –nozzlediameter)andradiallyupto20d (91.4mm).Resultsareobtained
withthegridcomprising192×48×48cellsinLESand80×4×4cellsinCMC.TheLESgrid
is stretched smoothly toward the co-flow in the radial direction and is expanded smoothly in
theaxialdirection(y).Thejetinletisresolvedwith12×12cellsintheinflow(x-z)plane.The
CMC grid is expanded smoothly only in the axial direction. The mesh in mixture fraction
space consists of 51 nodes, clustered around the most reactive mixture fraction.
In order to generate turbulence in the co-flow, digital filter is used. The co-flow turbu-
lence length-scale was chosen to be 1.6 mm, the size of the holes in the outer disk. The turbu-
lence intensity is 5% [2, 6]. At the inlet of the CMC domain, inert distributions of Qa are in-
jected. Zerogradient boundary condition isimposedatthesidesandthedownstreamedgeofthe
domain in physical space. In h-space, a Dirichlet boundary condition is used at h = 0 and h =1
and the values of Qa and QT remain there unchanged.
The simulations are started from a developed inert flow field at time t0. After 20 ms,
statistics are collected over a period of 32.5 ms and time averaged data are compared with the
measurements. The lift-off height is defined as the location where OH mass fraction reaches
2·10–4 [3].
Stankovi} I., Merci, B.: LES-CMC Simulations of a Turbulent Lifted Hydrogen ...
766 THERMAL SCIENCE: Year 2013, Vol. 17, No. 3, pp. 763-772
Table 2. Most reactive mixture fraction as a function of co-flow
temperature for mechanism [12]
Tcf [K] 1022 1030 1038 1045 1060 1080
hmr[–] 0.0639 0.0639 0.0587 0.0534 0.0482 0.0482Results and discussion
Flame structure
First,theresultsfortheconditions asintab.
1( Tcf = 1045 K) are reported. Figure 1 shows
instantaneous OHandHO2massfractionfields
attimet0+52.5ms.Thesnapshotsshowturbu-
lent lifted flame with the lift-off height of
about 4d. The ignition length of 10d is ob-
tained for a co-flow temperature of 1030 K in
the simulations. The uncertainty in the temper-
ature measurements was of the order of 30 K
[2]sothatuseofTcf=1030Kasinletboundary
condition remainswithin experimental error.It
is clear that HO2 is generated long before the
reaction zone, consistent with its role as an
auto-ignition precursor (fig. 1). The highest
concentration of HO2 is found between the
most reactive and stoichiometric mixture frac-
tion upstream the flame base in the fuel-lean
pre-ignition zone. Some HO2 survives in the
fuel-rich reaction zones of the flame and is de-
pleted in the post flame zones. Subsequently,
afterbuild-up ofHO2generation ofOHoccurs.
The peak OH mass fraction is found around
stoichiometric mixture fraction what corre-
sponds also to the high temperature region.
Figure 2 compares centreline profiles of
mixture fraction, temperature and the mass
fractions of H2 and H2O with measurements.
The axial mixture fraction profile is in good
agreement with the measured values and the penetration of the co-flow towards the axis is well
captured. The temperature is slightly higher at the centreline. However this could be expected
since the lift-off height is around 4d for co-flow temperature of 1045 K while it is around 10d in
the experiments. The earlier reaction can also be seen by the earlier consumption of H2, and a
consistent earlierproduction ofH2O.Thedropinthemeanmixturefractionandaslightincrease
of temperature indicates that the mixing region has reached the centreline (y  5d). The high
temperature region reaches the axis further downstream (y >2 0 d). Figure 2 also shows that ini-
tially the mixing process is dominant and the temperature at the centreline increases slowly. A
better understanding of the ignition processes requires examination of the radial profiles, as dis-
cussed next.
Figure 3 shows profiles of OH mass fraction and temperature at three different axial
stations. The OH radical is a good indicator of the chemistry activity. After occurrence of
auto-ignition (aty/d=10inexperiments),OHconcentrations increase byseveralordersofmag-
nitude – a trend that is well captured by the computations albeit with a shift in the ignition loca-
tion. The good agreement is observed at the upstream locations (y/d = 11) where the peak and
themaximaintheOHmassfractioniscaptured.Howeverfurtherdownstream,OHisunder-pre-
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Figure 1. Instantaneous resolved
~
YOH and ~
YHO2 fields in a symmetry plane (Tcf = 1045 K).
Inner isoline hst, outer isoline: hmr
(for color image see journal web site)dicted (y/d = 14) what
might be caused by the
under-prediction of the
flame lift-off height. As
a consequence the mean
levels oftemperatureare
over-predicted at y/d =
= 11. The other mean
profiles are in overall
good agreement.
The location of the
peak in the calculations
is well captured (fig. 3,
y/d = 14), meaning that
the model predicts the
position of the flame at
the same radius as ob-
served experimentally.
It is clear that the igni-
tion zone is located off
the axis at a radial posi-
tion r/d  1.3, i. e. on the
fuel lean side in the ex-
periments and the cur-
rent calculations.
These results highlight the potential of the present LES-CMC technique and the codes
used to simulate auto-ignition problems which involve complex turbulence-chemistry interac-
tions and to capture intermediate species such as radicals.
Effect of the inlet temperature
The co-flow temperature influences the most lift-off height (H). Several LES-CMC
simulationswereperformed,forarangeofaco-flowtemperatures(Tcf=1022K,1030K,1045K,
1060 K, and 1080 K), in order to assess the trends for the lift-off heights (fig. 4). In fig. 4, the
simulation results are comparedwith the data measuredindependently byCabra and Dibble [1],
Gordon et al. [5] and Wu et al. [18]. The Gordon et al. [5] results (a) and (b) indicate measure-
mentstakenfromtwoseparateexperiments.Inthesimulations,theflamewithTcf=1080Kisan
attached flame.When the temperatureisreduced, alifted flameisobserved. Theresults confirm
previous findings with transported PDF simulations [3]. In their calculations a lift-off height of
H/d = 10 corresponded to a co-flow temperature of 1033 K.
As mentioned above, the uncertainty in the temperature measurements [2] was of the
order of 30 K, as indicated by the horizontal error bar in fig. 4. It is clear that the lift-off height
for Tcf = 1045K is different but the result with Tcf = 1030 K, which is still within the experimen-
taluncertainty,matchesmeasurementsof[2]verywell(H/d=9.7).Duetothehighsensitivityof
the lift-off height to the co-flow temperature it is hard to obtain absolute agreement with the
measurements. However, the simulation results are in good agreement with the measurements
of [18].
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Figure 2. Mixture fraction, temperature and species mass fraction profile
alongthecentreline(Tcf=1045K).Filledcircles:experiments[1,2].Lines:
present resultsHigh sensitivity of the lift-off height to the inlet
temperature (fig. 4) suggests as well that flames with
the same lift-off height rather than the same co-flow
temperature should be selected for comparison with
the measurements. Therefore, radial profiles at dif-
ferent axial locations for Tcf = 1030 K are compared
with measurements at conditions listed in tab. 1 (fig.
5).
Radial profiles of the OH mass fractions are
shown in fig. 5. Now, the presence of ignition is well
predicted. The quantitative agreement is good, al-
though, in the calculations, the maximum OH con-
centration is shifted toward the co-flow region. Fur-
ther downstream at y/d = 14, the OH peak is well
captured.
The conclusion here is that, with the LES-CMC
code, good agreement with experimental data is obtained, provided the co-flow temperature is
chosen appropriately.
Flame stabilization mechanisms
The stabilisation of the lifted flames can be governed by various mechanisms. Typi-
cally, two competing mechanisms dominate the stabilisation: auto-ignition and premixed flame
propagation. Stabilisation mechanismsofthe lifted flameshave received alot ofattention lately
due to its great importance in industry.
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Figure 3. Radial profiles of mean OH mass fraction and temperature at three axial stations
(Tcf= 1045 K). Filled circles: experiments [1, 2]. Lines: present results
Figure4.Lift-offheightasafunctionofthe
co-flow temperatureRANS-type simulations [3, 5, 8] and LES [10, 11]
have analyzed the lifted flame of [2] in order to deter-
mine stabilisation mechanism. The goal of all these
studies was to answer to the original uncertainty of
[2], namely if this flame is stabilised by auto-ignition
orpremixedflamepropagation. There isno consensus
in the literature at the moment.
The analysis of a time history of the radical con-
centrations or the convection-diffusion-reaction
(CDR) budgets, i. e. the analysis of each term in the
CMC transport equations, can aid the identification of
the dominant flame stabilisation mechanism, as sug-
gested in [5]. Following [5], the flame will be stabi-
lised by auto-ignition if the HO2 radical builds up
prior to the build-up of H, O, and OHand if CDR bud-
gets show a convection-reaction balance. On the other
hand, if the mass fractions of all the radicals begin in-
creasing at the same point, the flame is stabilised by
premixed flame propagation. In this case, a convec-
tion-diffusion balance is present at the locations up-
streamofthe flamebase, with the chemistrytermrela-
tively small. In the reaction zone, there should be a
balance between diffusion and reaction.
Figure 6 shows instantaneous resolved OH and
HO2 fields in a symmetry plane for two co-flow tem-
peratures (1030 Kand 1060 K).Withtheco-flowtem-
perature Tcf = 1030 K, it is clear that HO2 is generated
long before the flame stabilisation point is reached.
Also, it is apparent that it starts to be consumed as
soon as the production of OH begins. This build-up of
the HO2 radical upstreamthe flamebase, prior to igni-
tion, is one of the indicators of the auto-ignition sta-
bilisation of the flame. For Tcf = 1060 K, show the
HO2 radical build up very close to the injector, less
than 2d upstream of the generation of OH. The con-
centration of the HO2 radical is also much lower than
for the cases with lower co-flow temperatures. As can
be seen in fig. 4, for higher co-flow temperatures, the
lift-off height also becomes less sensitive to the
changes in the co-flow temperature. This makes it un-
clear if the flame is still stabilised by auto-ignition,
with short ignition delay time, since the high co-flow
temperature is accelerating the reactive processes. In
order to assess the stabilization mechanism in this sit-
uation the balance of the terms in the CMC eq. (2) has
tobeexamined.Thishasbeen done, in[19], wherethe
averaged contribution of each term is plotted at four
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Figure 5. Radial profiles of mean OH
mass fraction at four axial stations. Filled
circles: experiments [1, 2]. Lines: present
results for Tcf = 1030 Kdifferent axial locations covering the pre-ignition region (upstreamofthe flamebase),the flame
base and the region downstream of the flame base. Similar behaviour is observed for above ex-
amined temperatures. It was shown that the diffusion in physical space is negligible what con-
firmsthat the flamesare stabilized byauto-ignition. Atthe flamebase, the chemicalsource term
is a few orders of magnitudes higher than at the other locations. It is mainly in balance with the
convection, but the scalar dissipation rate term is important as well.
Moreover, the observations are in agreement with the findings of [5] where the Berke-
leycasewasexaminedapplying above mentionedindicators forthedetermination ofthestabili-
sationmechanism.IntheRANS-CMCcalculations of[8],forthe1025Kcase,thelift-offheight
wasreportedtobecontrolled bypremixedflamepropagation, wherestrongaxialdiffusionanda
weak chemical termwere found upstreamthe flamebase. For the 1080 Kcase, the auto-ignition
was suggested as controlling mechanism in [8].
Conclusions
The numerical investigation of a lifted turbulent hydrogen jet flame in a co-flow of
hot, vitiated air was presented.
TheLES-CMCapproach withdetailed chemicalmechanismwasabletoreproduce the
experimentally measured axial and radial profiles of mixture fraction, temperature and major
species very well. In the calculations, the best agreement was obtained for the co-flow tempera-
ture of 1030 K, which is within experimental uncertainties. Good agreement of species mass
fraction radial profiles is obtained when the lift-off height is correct.
The flame is stabilized by auto-ignition. No evidence of premixed flame propagation
is found: the diffusion in physical space is negligible for all studied conditions. Upstream of the
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Figure 6. Instantaneous resolved
~
YOH and
~
YHO2 fields in a symmetry plane.
Left: Tcf = 1030 K. Right: Tcf= 1060 K. Inner isoline: hst, outer isoline: hmr
(for color image see journal web site)flame base, a clear convection-reaction balance was observed, with the scalar dissipation being
important as well. Inside the reactive zone, the scalar dissipation rate is dominant in balancing
thechemistry,approaching thewell-knownstructureofanon-premixedflame.HO2,asakeyin-
termediatespecies, isformedwell before the flamestabilisation point, consistent with its role as
auto-ignition precursor.
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